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TESTS ON PROPELLERS UNDER STATIC  THRUST  CONDITIONS 
By J. Brusse,  A. E. Cronk,  and C .  F. Kettleborough 
SUMMARY 
This  report  descr ibes  the experimental  equipment  which has  been bui l t  a t  
Texas A&M Universi ty  to  measure the performance of  a propel le r - torque ,  th rus t  and  
f l o w  f i e l d s .  The test d a t a  shows t h a t  f o r  a n  a c t i v i t y  f a c t o r  of 100,  blade 
plan-form a t  t i p  speeds  r ang ing  from 400 t o  900 f p s  i s  no t  a s t rong parameter  
in  determining gross  performance.  
INTRODUCTION 
The problem of accurately predict ing the aerodynamic loading on a p r o p e l l e r  
o r  r o t o r  b l a d e  is one  of t h e  most important problems facing the designer of 
h e l i c o p t e r s  o r  p r o p e l l e r  d r i v e n  a i r c r a f t .  S i n c e  1944 t h e  r a p i d  i n c r e a s e  i n  
h e l i c o p t e r ,  STOL (short  take-off  and landing) ,  VTOL (ve r t i ca l  t ake -o f f  and 
landing) technology has brought with i t  t h e  r e a l i z a t i o n  t h a t  many of t h e  b a s i c  
approximat ions  inherent  in  the  classical p r o p e l l e r  t h e o r i e s  must be reexamined 
i n  t h e  l i g h t  t h a t  t h e  v e r t i c a l  v e l o c i t y  t h a t  g e n e r a t e s  l i f t  i s  l a r g e  compared 
t o  t h e  f l i g h t  v e l o c i t y .  Much d e t a i l e d  work has  been carr ied out  on h e l i c o p t e r  
ro to r s .  In  Refe rence  1, s t a t i c  t h r u s t  measurements were made; i n  Refe rence  2 ,  
i n d u c e d  v e l o c i t i e s  i n  t h e  wake were measured.  However, p rope l le rs  have  not  
r ece ived  the  same degree of a t t e n t i o n .  Some re su l t s  have  been  r epor t ed  in  
References 3 and 4 i n  which t h r u s t ,  and torque w e r e  measured and flow p a t t e r n s  
were obtained.  
I n  o r d e r  t o  tes t  p rope l l e r  b l ade  conf igu ra t ions  unde r  s t a t i c  t h rus t  con- 
d i t i o n s  a dynamometer has been designed and constructed with the propeller 
r o t a t i n g  i n  a hor izonta l  p lane .  Ins t rumenta t ion  has  been  added  to  measure  
t h r u s t  a n d  t o r q u e  u t i l i z i n g  s t r a i n  g a g e  b r i d g e s .  A i r  flow  mapping  equipment 
enab le s  the  th ree  components of v e l o c i t y  t o  b e  measured i n  b o t h  t h e  i n f l o w  and 
wake reg ions  of t h e  p r o p e l l e r .  
A series of propel le rs  have  been  tes ted .  The f i r s t  two were used pr imari ly  
during the development of t h e  dynamometer  and the  da t a  acqu i s i t i on  in s t rumen ta -  
t i o n  and i n  runn ing  r epea tab i l i t y  tests designed to  provide assessment  of  the 
r e l i a b i l i t y  of t he  da t a .  A f u r t h e r  set of t h r e e  p r o p e l l e r s  i n c o r p o r a t e d  o n l y  
plan-form v a r i a t i o n s  w h i l e  t h e  o t h e r  p h y s i c a l  p a r a m e t e r s  were maintained con- 
s t a n t  . 
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Veloc i ty  component d i r e c t i o n s  d e f i n e d  i n  Figure  2.  
EXPERIMENTAL EQUIPMENT TECHNIQUES 
Descr ip t ion  of Dynamometer 
The p r o p e l l e r  s ta t ic  t h r u s t  dynamometer designed to  minimize wake and 
in f low in t e r f e rence  w a s  c o n s t r u c t e d  i n  a l a rge  a i rp l ane  hanga r  a t  t h e  Texas A&M 
Research Annex. The conf igu ra t ion  of the dynamometer p r o v i d e s  f o r  r o t a t i o n  
of  the test p r o p e l l e r  i n  a ho r i zon ta l  p l ane  wi th  the  l i ne  of t h r u s t  a c t i n g  
v e r t i c a l l y  upward. Rota t ion  is accomplished by a s h a f t  which  turns  ins ide  a 
7.5 i n c h  d i a m e t e r ,  v e r t i c a l l y  mounted tubu la r  steel  housing. The housing has  
fou r  s l an ted  l egs  we lded  to  i t s  lower end which are b o l t e d  t o  r e i n f o r c e d  con- 
crete p ie r s  ex tend ing  e l even  f ee t  deep  in to  the  ea r th  (F igu re  1). 
Two 275 hp V-8 marine engines  are i n s t a l l e d  t o  d r i v e  t h e  ver t ical  s h a f t  
through a d i f f e r e n t i a l  g e a r  box. The d i f f e r e n t i a l  g e a r i n g  is r e q u i r e d  f o r  
drawing power from both engines  without  having to  achieve precise  speed syn- 
chronization of the engines.  Engine cooling is  accomplished with tap water 
t h a t  is admit ted to  each engine through water p res su re  r egu la to r s .  The 
heated water is  expel led outs ide the hangar  through the exhaust  pipes  and is 
not  rec i rcu la ted  through the  engines .  Fue l  i s  piped to  both engines  f rom a 
500 gallon skid tank which i s  l o c a t e d  o u t s i d e  a n d  a b o u t  f i f t y  f e e t  from t h e  
hangar.  Both water and f u e l  p i p e s  h a v e  e lectr ic  so leno id  va lves  tha t  are op- 
e r a t e d  by the  engine  ign i t ion  swi tches .  Coupl ings  which  a l low for  ins ta l la t ion  
misa l ignment  and  v ibra t ion  i so la t ion  are i n s t a l l e d  between each engine output 
s h a f t  and the gear  box s h a f t s .  An overrunning clutch i s  mounted  between t h e  
d i f f e r e n t i a l  g e a r  box o u t p u t  s h a f t  and t h e  main d r i v e  s h a f t  t o  p r e v e n t  s u d d e n  
shaf t  s toppage  and p o s s i b l e  damage t o  t h e  p r o p e l l e r  b a l a n c e  i n  case of mechanical 
f a i l u r e  i n  e i t h e r  o f  t h e  power t r a i n s  o r  g e a r  box. The eng ine  hydrau l i c  c lu t ches ,  
ca rbure to r  con t ro l s  and d i f f e r e n t i a l  g e a r  box brakes are operated by remotely 
con t ro l l ed  e lec t r ic  a c t u a t o r s  t h r o u g h  s u i t a b l e  l i n k a g e s .  C o n t r o l s  f o r  s t a r t i n g ,  
clutch engagement,  and engine speed regulation along with instruments for 
mon i to r ing  eng ine  coo l ing ,  o i l  p re s su re ,  electrical  system battery charging and 
engine rpm are mounted on a p a n e l  i n  a concre te  cont ro l  house .  
The r o t a t i o n a l  s p e e d  of a tes t  p r o p e l l e r  is  measured by an e l e c t r i c  
tachometer  that  operates  f rom pulses  generated by a magnetic pick-up placed 
c l o s e  t o  a 60-tooth steel  gear  which  ro ta tes  wi th  the  propel le r  dr ive  shaf t .  
Thrust and torque measurements are made wi th  a two-component s t r a i n  g a g e  
balanced mounted between a f l ange  a t  t h e  end of t h e  p r o p e l l e r  s h a f t  a n d  t h e  
p r o p e l l e r  hub.  Both t h e  t h r u s t  and  torque  components u t i l i z e  s t r a i n  g a g e  b r i d g e s  
having four  active arms w i t h  t h e  e x c i t a t i o n  and s igna l  vo l tages  be ing  t ransmi t -  
ted through a slip-ring assembly. Cables are routed from the s t a t i o n a r y  member 
of the  s l ip - r ing  assembly  in to  the  cont ro l  house  where  appropr ia te  connec t ions  
are made t o  t h e  b r i d g e  e x c i t a t i o n  power s u p p l i e s  and the  s igna l  ampl i f i e r  and  
read-out equipment.  Bridge excitation i s  provided by  two 0-10 v o l t  r e g u l a t e d  
power s u p p l i e s  and s i g n a l  a m p l i f i c a t i o n  is provided by DC low l e v e l  a m p l i f i e r s .  
A span  and  ba lance  c i r cu i t  is p rov ided  fo r  bo th  the  th rus t  and torque components 
a long  wi th  appropr ia te  swi tches  and  c i rcu i t ry  to  permi t  inser t ion  of  ca l ibra t ion  
r e s i s t a n c e .  
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The  electric  tachometer  circuit  is  connected  to  an  electronic  counter  which 
presents  the  propeller  rotational  speed  in  rpm  on  its  digital  display.  The 
thrust  signal  is  connected  to  a  digital  voltmeter  through  the  appropriate 
amplifier  and  balance  control  unit  while  the  torque  signal  is  connected  to  an 
integrating  digital  voltmeter  in  a  similar  manner. 
A l l  three  instruments  are  connected  to  a  digital  scanner  and  thence  to  a 
tape  printer.  The  scanner  is  a  programmable  device  that  controls  the  sampling 
and  storage  of  data  in  digital  form  until  all  sources  are  ready  for  printing 
whereupon  it  gives  print  commands  to  the  printer. As normally  operated  with 
the  propeller  dynamometer  for  performance  testing,  the  scanner  gates  all  three 
digital  instruments  simultaneously so that  the  sampling  periods  begin  together. 
Each  instrument  then  samples  for  its  preset  period  of  time  and  the  resulting 
values,  in  digital  form,  are  stored  in  the  scanner.  When  all  sampling  is  com- 
pleted,  the  scanner  releases  the  stored  data  to  the  printer  which  is  printed  in 
a  sequence  and  format  previously  programmed  into  the  scanner. 
Static  calibration  of  the  balance  and  electronic  data  acquisition  equipment 
is accomplished  by  loading  the  balance  in  both  thrust  and  torque  with  weights 
that  act  through  suitable  levers  and  bell  cranks.  Dynamic  rotating  calibration 
of  the  torque  component  has  not  been  done  because  of  the  complexity of equip- 
ment  required  but  the  thrust  component  has  been  calibrated  both  statically  and 
with  the  propeller  shaft  rotating.  The  results  of  the two methods  of  calibra- 
tion  indicated  that  the  signal  was  not  affected  significantly  with  the  shaft 
running  as  compared  with  the  signal  transmitted  while  the  shaft  was  stationary. 
Tests  with  the  slip-ring  assembly  to  determine  brush  noise  indicated  that  the 
signal to noise  ratio  through  the  assembly  was  not  objectionable. 
Airflow  Mapping  Equipment&  Technique 
While  performance  testing  is  useful  in  evaluating  specific  propellers,  it 
does  not  provide  the  kind  of  detailed  airflow  information  required  by  the 
theorist.  Therefore,  it  was  considered  necessary to evaluate  the  direction 
and  speed  of  the  air  at  selected  points  both  in  the  wake of the propeller  and 
in  the  inflow  region  ahead of the  propeller. 
The  general  airflow  in  the  wake  of  a  propeller  operating  in  the  static 
thrust  condition  can  be  characterized  as  a  contracting  helical  flow  for  some 
distance  downstream  of  the  propeller  disc.  In  order  to  completely  describe  the 
airflow  at  specified  points  in  that  kind  of  flow  field  the  axial,  radial  and 
rotational  components  must  be  known.  Figure 2 presents  a  graphic  description 
of  the  axis  system  and  sign  convection  used  in  the  evaluation  of  the  wake  air- 
flow. 
An instrument  transport  was  devised  and  erected  at  the  dynamometer  site to 
facilitate  the  placement  of  airflow  sampling  instrumentation  in  both  the  inflow 
and  wake  regions of the  propeller.  The  transport  consists of a  vertical  column 
placed  nine  feet  away  from  and  parallel  to  the  dynamometer  shaft  housing,  a 
remotely  controllable  trolley  that  travels  up  and  down  the  column,  and  a  remotely 
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con t ro l l ab le  p l a t fo rm mounted on t h e   t r o l l e y   t h a t  moves ho r i zon ta l ly  a long  a 
r ad ius  be tween  the  d r ive  sha f t  cen te r l ine  and the  p la t form.  The vertical and 
h o r i z o n t a l  travel of t h e  t r a n s p o r t  p r o v i d e s  f o r  s a m p l i n g  t h e  a i r f l o w  anywhere 
i n  a radial  plane having dimensions approximately 1 4  f e e t  a x i a l l y  by 3 1 / 2  f e e t  
r a d i a l l y  i n  t h e  p r o p e l l e r  wake region and about 3 f e e t  a x i a l l y  by 3 1 / 2  f e e t  
r a d i a l l y  i n  t h e  i n f l o w  r e g i o n .  I n  a d d i t i o n  t o  t h e  r e m o t e ,  v a r i a b l e  s p e e d  con- 
t r o l s  p r o v i d e d  f o r  b o t h  axial and r a d i a l  movement of  the  ins t rument  t ranspor t ,  
a remote  pos i t ion  ind ica t ing  sys tem w a s  i n s t a l l e d  s o  t h a t  a probe can be posi t ioned 
anywhere w i t h i n  t h e  limits of the  above  ment ioned  rad ia l  p lane  to  an  accuracy  
of 1/16 i n c h  b o t h  a x i a l l y  a n d  r a d i a l l y .  The pos i t i on  ind ica t ing  sys t em cons i s t s  
of  synchromotor  t ransmi t te rs ,  geared  to  the  t ranspor t  d r ive  mechanism, e l e c t r i c a l l y  
connected to synchro-motor receivers t h a t  are i n  t u r n  g e a r e d  t o  h i g h  s p e e d  
mechanica l  counters .  The  dr ive  gear ing  to  the  t ransmi t te rs  and  the  gear ing  
between t h e  receivers and the  coun te r s  is a r r anged  to  p rov ide  r ead -ou t  i n  inches  
and hundredths  of  inches on the counters .  The ins t rument  t ranspor t  i s  heav i ly  
c o n s t r u c t e d  a n d  b u i l t  t o  c l o s e  t o l e r a n c e s  so  t h a t  a ve ry  s t eady  p l a t fo rm fo r  
instrumentation mounting is  provided and any uncertainty of probe posit ioning 
r e s u l t s  from t h e  f l e x i b i l i t y  i n h e r e n t  i n  small probes and t h e i r  mounting booms. 
A two-ax i s ,  nu l l  t ype  d i r ec t iona l  s ens ing  p robe  w a s  cons t ruc t ed  tha t  pe rmi t s  
measurement of both the radial and tangential angle components of the a i r  v e l o c i t y  
vec to r  r ep resen t ing  the  a i r f low a t  any  po in t  o f  i n t e re s t  w i th in  the  travel limits 
of the  instrument   t ransport .   In   addi t ion  to   the  two-axis   angular   measurement  
c a p a b i l i t y ,  t h e  p r o b e  a l s o  h a s  a t o t a l  head tube and a s t a t i c  pressure probe 
(F igure  3 ) .  The f low d i r ec t ion  senso r  i s  moved by r e v e r s i b l e  electric gear- 
motors  tha t  are remotely operated from the operat ing console .  Angle indicat ing 
d e v i c e s  f o r  b o t h  t h e  t a n g e n t i a l  and r a d i a l  a n g l e s  are l o c a t e d  i n  t h e  c o n t r o l  
house  a long  wi th  the  opera t ing  cont ro ls .  
The d i f f e r e n t i a l  p r e s s u r e  s e n s e d  by each  pa i r  o f  the  d i rec t iona l  probe  
tubes is connec ted  pneumat i ca l ly  to  d i f f e ren t i a l  p re s su re  t r ansduce r s ,  t he  elec- 
t r i ca l  outputs  of the  t ransducers  are connected through span and balance cir-  
c u i t s  t o  t h e  d i g i t a l  v o l t m e t e r s .  P r e s s u r e s  s e n s e d  by t h e  t o t a l  head  and s t a t i c  
pressure  probes  are connec ted  to  sepa ra t e  p re s su re  t r ansduce r s  w i th  the i r  e lectr ical  
outputs  a l so  be ing  routed  through span  and ba lance  con t ro l s  t o  t h e  d i g i t a l  v o l t -  
meters. S e l e c t i o n  of t he  p re s su re  sou rce  ind ica t ions  to  be  d i sp layed  on  the  
vo l tme te r s  is made by u s e  of an appropriate  switching arrangement .  
I n  o p e r a t i o n ,  t h e  p r o b e  is f i r s t  moved t o  t h e  d e s i r e d  measurement p o s i t i o n  
by use  of t he  in s t rumen t  t r anspor t  and i t s  as soc ia t ed  con t ro l s .  When i n  p o s i t i o n  
the probe is r o t a t e d  a b o u t  o n e  a x i s  t o  b r i n g  o n e  p a i r  of d i r ec t ion  sens ing  tubes  
approximate ly  to  a n u l l  p o s i t i o n .  The probe is then  ro ta ted  about  i t s  o t h e r  a x i s  
t o  b r i n g  t h e  r e m a i n i n g  p a i r  of tubes  approximate ly  to  a n u l l  p o s i t i o n .  The n u l l  
p o s i t i o n s  ( z e r o  d i f f e r e n t i a l  p r e s s u r e  a c r o s s  a p a i r  of tubes) are then  r e f ined  
by manipula t ion  of  the  appropr ia te  cont ro ls  and  the  rad ia l  and  tangent ia l  angles  
assumed by the probe are read  f rom the  ang le  ind ica to r s  i n  the  con t ro l  room. 
The c o a r s e  n u l l  p o s i t i o n  i s  de tec ted  by use  of two water f i l l e d  U-tube manometers 
and the r e f i n e d  o r  f i n a l  n u l l  p o s i t i o n s  are ad jus t ed  by r e f e r e n c e  t o  t h e  d i g i t a l  
vol tmeter  readings which were p r e v i o u s l y  a d j u s t e d  t o  r e a d  z e r o  f o r  a z e r o  d i f -  
f e r en t i a l  p re s su re  sensed  by  the  t r ansduce r .  
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A f t e r  t h e  n u l l  p o s i t i o n  of the  p robe  has  been  ob ta ined  the  d ig i t a l  vo l tme te r s  
are s w i t c h e d  o v e r  t o  t h e  t o t a l  and s ta t ic  pressure t ransducers  whereupon their  
electrical outputs  are read.  Conversion of the  observed  va lues  to  engineer ing  
u n i t s  is accomplished by app ly ing  the  appropr i a t e  sys t em ca l ib ra t ion  f ac to r  fo r  
each  probe .  S ince  the  to ta l  head  tube  i s  d i r e c t e d  i n t o  t h e  airstream a t  t h e  
. p o i n t  o f  i n t e r e s t  b y  v i r t u e  of t h e  two-ax i s  nu l l i ng  f ea tu re ,  t he  to t a l  p re s su re  
observa t ions  are subjec t  on ly  to  probe  e r rors  and  a l ignment  e r rors  are minimized. 
The static pressure  probe  is mounted on the  ins t rument  suppor t  mast center -  
l i n e  t h r e e  i n c h e s  away from t h e   t i p  of t h e  d i r e c t i o n a l  and t o t a l  head sensing 
probe.  This  arrangement  requires two p r o b e  p o s i t i o n i n g  o p e r a t i o n s  i n  o r d e r  t o  
e v a l u a t e  t h e  a i r f l o w  v e l o c i t y  v e c t o r  a t  the  des i - r ed  po in t  of  measurement. I f ,  
however,  the distance between successive points of measurement i s  planned properly,  
one  probe  se t t ing  w i l l  a l low angular  and  to ta l  head  pressure  va lues  to  be  made 
a t  one  po in t  wh i l e  t he  s ta t ic  p res su re  i s  read a t  ano the r  des i r ed  measurement 
poin t  thus  minimiz ing  double  se t t ing  of the probe.  
Upon ca l ibra t ing  the  probe  assembly  in  the  Texas  A&M Unive r s i ty  7 f o o t  by 
10 f o o t  low speed wind tunnel ,  both direct ional  probe pairs  exhibi ted l inear  
curves  of  a lmost  ident ical  s lope and adequate  sensi t ivi ty .  The t o t a l  head  tube 
when o r i e n t e d  i n t o  t h e  a i r f l o w  w i t h  b o t h  d i r e c t i o n a l  t u b e  p a i r s  n u l l e d  i n d i c a t e d  
t o t a l  p r e s s u r e  w i t h i n  6% of t h a t  i n d i c a t e d  b y  t h e  t o t a l  p r e s s u r e  o r i f i c e  of 
t h e  wind t u n n e l ' s  P i t o t - s t a t i c  p r o b e .  The s t a t i c  p r e s s u r e  p r o b e  c a l i b r a t i o n  
was also checked and w a s  found t o  b e  w i t h i n  - 1% of t h e  c a l i b r a t i o n  f a c t o r  ac- 
companying the instrument .  
I n  o r d e r  t o  p r o v i d e  v i s u a l  e v a l u a t i o n  of t he  a i r f low su r round ing  the  p rope l l e r ,  
a smoke generator  with appropriate  nozzles  has  been developed.  A s l a v e s t r o k e  
uni t  permits-  a gas  d i scha rge  f l a sh tube  to  be  synchron ized  a t  any  des i red  propel le r  
speed.  Photographs  can  be 'made. These  photographs show the   gene ra l   i n f low 
p a t t e r n  of a i r  in'to the p r o p e l l e r  as w e l l  as the  vo r t ex  sys t em tha t  i s  formed i n  
t h e  wake of t he  p rope l l e r .  The h e l i c a l  p a t h  o f  t h e  a i r f l o w  i n  t h e  p r o p e l l e r  
s l i p s t r e a m  is a l so  obse rvab le ,  t hus  the  in t roduc t ion  of smoke a t  va r ious  po in t s  
a round the  ro ta t ing  propel le r  provides  three-d imens iona l  eva lua t ion  of  the  f low 
phenomenon a s s o c i a t e d  w i t h  t h e  p r o p e l l e r  o p e r a t i n g  i n  t h e  s t a t i c  t h r u s t  c o n d i t i o n .  
EXPERIMENTAL RESULTS 
Severa l  d i f f e ren t  p rope l l e r  mode l s  have  been  t e s t ed  on  the  s t a t i c  t h r u s t  
dynamometer t o  d e t e r m i n e  t h e i r  p e r f o r m a n c e  c h a r a c t e r i s t i c s .  The p r o p e l l e r  
geomet r i c  cha rac t e r i s t i c s  are descr ibed  i n  Figures  4 through 8. 
A t y p i c a l  t es t  run  involves  se t t ing  the  des i red  b lade  angle ,  normal ly  a t  
t h e  .75 r a d i a l  s t a t i o n ,  and  then  ro t a t ing  the  p rope l l e r  a t  selected speeds 
whi le  th rus t ,  to rque ,  and  rpm va lues  are recorded. The excursion  through 
t h e  rpm range is made i n  s t e p s  r a t h e r  t h a n  c o n t i n u o u s l y  t o  a l l o w  t h e  rpm and 
a i r f l o w  t o  s t a b i l i z e  f o r  a few seconds  before  record ing  the  da ta .  Af te r  com- 
p l e t i n g  t h e  rpm excurs ion ,  the  dynamometer i s  s topped ,  the  b lade  angle  i s  reset 
t o  t h e  n e x t  d e s i r e d  a n g l e  and t h e  p r o p e l l e r  i s  aga in  run  through the  rpm range. 
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Afte r  ga the r ing  da ta  a t  a l l  the desired combinat ions of  blade angles  and 
r o t a t i o n a l  s p e e d s ,  t h e  d a t a  are r e d u c e d  t o  c o e f f i c i e n t  form f o r  p l o t t i n g  and 
subsequent  evaluat ion.  
P r o p e l l e r s  A and B were used pr imari ly  during the development  of  the dy- 
namometer and the  da t a  acqu i s i t i on  in s t rumen ta t ion  and i n  runn ing  r epea tab i l i t y  
tests des igned  to  p rov ide  a s ses smen t  o f  t he  r e l i ab i l i t y  of t he  da t a  gene ra t ed  
on the dynamometer. P rope l l e r  A was designed and manufactured several yea r s  
ago  fo r  u se  wi th  a t i l t -wing  VTOL model t e s t ed  in  the  Lang ley  30 f t .  by 60 f t .  
low speed wind tunnel.  Propeller B is  of a model  of a p r o p e l l e r  c u r r e n t l y  i n  
u s e  on a t i l t -w ing  VTOL a i r c r a f t .  F i g u r e  9 shows t h e  r e s u l t s  of  two tests made 
a t  d i f f e r e n t  times and a f t e r  d i f f e r e n t  b a l a n c e  c a l i b r a t i o n s .  On t h e  b a s i s  of 
t h e  s ta t ic  b a l a n c e  c a l i b r a t i o n s  and the  obse rved  r epea tab i l i t y  of t h e  d a t a ,  i t  
is e s t i m a t e d  t h a t  t h e  dynamometer cons i s t en t ly  p rov ides  da t a  wi th in  2% of t h e  
t h r u s t  and torque values provided by t h e  test  p r o p e l l e r .  While no r e l i a b l e  
quant i ta t ive  da ta  have  been  ga thered  concern ing  the  e f fec ts  of a i r  r e c i r c u l a t i o n  
in s ide  the  hanga r  on the propel ler  undergoing test ,  i t  i s  be l i eved  tha t  t hese  
e f f e c t s  are minimal  and  not of g r e a t  s i g n i f i c a n c e .  Because  of t h e  lack of t h i s  
knowledge, however, i t  is  n o t  p o s s i b l e  t o  s t a t e  precisely the accuracy of  
observed performance as r e l a t e d  t o  t h e  a b s o l u t e  v a l u e s  of t h r u s t  and torque 
t h e  p r o p e l l e r  would have i f  o p e r a t e d  i n  a n  i n f i n i t e l y  l a r g e  u n o b s t r u c t e d  air- 
space .  F igure  10  g ives  the  per formance  charac te r i s t ics  of p rope l l e r  A. 
The b lades  of  propel le rs  C y  D ,  and E incorpora te  only  p lanform var ia t ions  
whi le  the  o ther  phys ica l  parameters  were maintained constant .  The purpose of 
t h e  series of test pe r fo rmed  wi th  th i s  f ami ly  of p r o p e l l e r s  was t o  d e t e r m i n e  t h e  
con t r ibu t ion  of blade planform on the  per formance  charac te r i s t ics  of t h e  p r o p e l l e r .  
The following parameters were i d e n t i c a l  i n  t h e  t h r e e  sets of blades: 
Ac t iv i ty  Fac to r  = 100 
Diameter = 5 f t  . 
In tegra ted   des ign  C = 0 
Se r i e s  6 3  a i r f o i l  s e c t i o n s  
T w i s t  d i s t r i b u t i o n  
Th ickness  d i s t r ibu t ion  
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Using a 3-way and a 4-way hub,  prel iminary tests were made of 2 ,  3 ,  o r  4 b l ade  
conf igura t ion .  For  the  2 and 3 b l ade  conf igu ra t ions  the  combined system  dynamics 
of t h e  test f a c i l i t y  and the  propel le r  models  l imi ted  the  opera t ing  ranges  ob- 
t a i n a b l e  w i t h i n  a c c e p t a b l e  v i b r a t i o n  levels. The v i b r a t i o n  l e v e l s  were monitored 
by an accelerometer  mounted  on t h e  main drive-shaft  support .  It was dec ided  to  
l i m i t  t h e  test  program t o  t h e  4 blade  conf igura t ion .  
I n  t h e  test program t h e  b l a d e  a n g l e  s e t t i n g  a t  .75 radius w a s  v a r i e d  from 
7 .5  degrees  to  22.5 degrees.  Rotational  speeds  ranged  from  1500 t o  3500 rpm 
providing a t i p  speed  r ange  of 400 t o  900 fee t  per  second.  
A t  e ach  b l ade  ang le  se t t i ng  the  ro t a t iona l  speed  w a s  increased with measure- 
ments being made of rpm, t h r u s t  and torque  a t  several d i sc re t e  speeds .  A s  
r o t a t i o n a l  s p e e d  w a s  decreased  the  same q u a n t i t i e s  were measured a t  in te rmedia te  
speeds .  Typ ica l ly ,  t h i r ty  sets of  measurements were made a t  each blade angle.  
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A t o t a l  o f  o v e r  500 p o i n t s  were recorded. No c o n s i s t e n t  h y s t e r e s i s  e f f e c t ,  
i n d i c a t i v e  of r e c i r c u l a t i o n  effects, could be determined. For each series of 
runs pressure,  temperature and humidity measurements were made f o r   c a l c u l a t i o n  
of a i r  dens i ty .  
A t  b lade angles  above 15 degrees ,  t h rus t  and  to rque  load  l imi t a t ions  of 
the balance system prevented operat ion a t  t h e  h i g h e r  r o t a t i o n a l  s p e e d s .  
The d a t a  were reduced to  standard dimensionless form of Cp (power coef- 
f i c i e n t )  and CT ( t h r u s t  c o e f f i c i e n t )  u s i n g  the propel ler   convent ion.  From 
t h e s e  t h e  power f i g u r e  of merit w a s  ca l cu la t ed .  
Both CT and Cp showed a c o n s i s t e n t  increase w i t h  t i p  s p e e d  a t  b lade  angles  
of 17.5 degrees and below. A l i n e a r  v a r i a t i o n  a p p e a r e d  t o  f i t  t h e  d a t a  w e l l  
so  a l i n e a r  f a i r i n g  o f  t h e  d a t a  was made and values of CT and Cp a t  t i p  s p e e d s  
of 400, 600, 800, and 900 f p s  were read .  
The gross  per formance  of  the  three  sets of  blades are shown as p l o t s  of 
CT ve r sus  Cp i n  F i g u r e s  11, 12,  and 13. The  normal taper  plan-form (propel ler  D )  
e x h i b i t s  s l i g h t l y  b e t t e r  p e r f o r m a n c e  a b o v e  C = .07. P 
The  power f i g u r e  o f  merit v a r i a t i o n  i s  p r e s e n t e d  i n  F i g u r e s  1 4 ,  15, and 16. 
It should  be  emphas ized  tha t  the  b lades  tes ted  were designed only to  provide 
plan-form var ia t ion  wi th  no  a t tempt  to  opt imize  per formance .  The t r e n d s  i n  
t h e  f i g u r e  of merit v a r i a t i o n s  are similar f o r  t h e  t h r e e  sets of blades. Again 
the normal taper plan-form shows higher  values  of  f igure of  merit a t  power coef- 
f i c i e n t s  a b o v e  .08. 
The da ta  f rom the  test program are p r e s e n t e d  i n  F i g u r e  1 7  i n  t h e  form of 
t h e  r a t i o  C,/Cp ve r sus  Cp. The d a t a  p o i n t s  shown are f o r  a l l  plan-forms a t  
t ip  speeds  ranging  f rom 400 t o  900 f p s .  A s i n g l e  c u r v e  a p p e a r s  t o  f i t  t h e  d a t a  
reasonably well. This  suggests  that  blade plan-form is  no t  a s t rong parameter  
in  de te rmining  gross  per formance ,  a t  least f o r  a n  a c t i v i t y  f a c t o r  o f  1 0 0 .  
F igures  18 and 19 show t y p i c a l  v e l o c i t y  d i s t r i b u t i o n s  f o r  a p r o p e l l e r  of 
5 f e e t  d i a m e t e r ,  series 63 a i r f o i l  w i t h  6 0 . 7 5 ~  = 12.5", and normal taper plan- 
form (p rope l l e r  D ) .  A t  2000 rpm the t i p  s p e e d  is 523.6 f ee t   pe r   s econd .  Of 
p a r t i c u l a r  i n t e r e s t  is t h e  f a c t  t h a t  e a c h  maximum of t h e  vr d i s t r i b u t i o n  is 
as soc ia t ed  wi th  a maximum i n  t h e  a x i a l  v e l o c i t y  d i s t r i b u t i o n .  
CONCLUDING REMARKS 
A s ta t ic  thrust  s tand and associated measuring equipment  have been developed 
and t e s t e d .  A series of tests have  been  ca r r i ed  ou t  on  p rope l l e r s  d i f f e r ing  
o n l y  i n  plan-form variat ions.  The r e s u l t s  showed t h a t  f o r  a des ign  CL = 0 and 
f o r  a n  a c t i v i t y  f a c t o r  o f  100 blade plan-form had l i t t l e  measurable  e f fec t  on 
performance. Some f low  surveys were made. These r e s u l t s  showed t h a t  a f t e r  con- 
t r a c t i n g  t o  a b o u t  0.8~ t h e  p r o p e l l e r  t i p  r a d i u s  a t  about  two r a d i i  downstream 
of the  p rope l l e r  t he  s l i p s t r eam s t a r t ed  to  expand .  
8 
REFERENCES 
1. John P.  Rabbott.  Static-Thrust  Measurements of the  Aerodynamic  Loading 
on a Helicopter  Rotor  Blade.  NACA  TN 3688, 1956. 
2. Harry H. Heyson.  Measurements of the  Time-Averaged  and  Instantaneous 
Induced  Velocities in the  Wake of a Helicopter  Rotor  Hovering  at  High  Tip 
Speeds.  NASA TN D-393,  1960. 
3. Adams, 6. N. Propellor  Research  at  Canadair  Limited.  Proceedings 
CAL/AVLABS  Symposium,  Vol. I (1966). 
4 .  Borst,  H.  V.  and  Ladden,  R.  M.  Propeller  Testing  at  Zero  Velocity. 
Proceedings  CAL/AVLABS  Symposium,  Vol. I (1966). 
9 
Tes t  
P r o p e  I I e r  
VERTICAL  PROPELLER  SHAFT 
HOUS I NG 
GROUND 
PLANE 
INSTRUMENT 
TRANSPORT 
I 
24 
F i g u r e  I G e n e r a  I A r r a n g e m e n t  O f  T e s t  F a c i  1 i t y  
1 
ANGULAR ROTATION / 
+Z 
Figure  2 V e l o c i t y  Components And Angles 
f 
FLOW CORPORATION MODEL SSP- I   STATIC PRESSURE  PROBE 
TOTAL  HEAD & ANGLE 
PROBE ROTATES 45 
S I D E  OF POSIT ION SHOWN 
TO MEASURE ANGLE OF RAD1   ENTIRE  ASSEMBLY 
ROTATES  ABOUT 
SUPPORT TUBE TO 
MEASURE ANGLE 
- 
COMPONENT 
PROBE CARRI  E  - FLEX I BLE  TUB I NG CONNECT 1 NG  PROBE AND TRANSDUCERS 
OF THE TANGENTIAL 
COMPONENT 
F igure  3 P r o b e   A s s e m b l y  
c 
' .080 n n 
0 - 
I- .075 
n 
I .070 
d 
[r 
0 
W 
6 
J ~~ ~ 
n 
m 
36 
v, w 
[r 
w c3 
0 
W 32 
.I 28 
W 
"I 
c3 
z a 
W 
24 
n a 
m 
-I 
20 
16 
12 
O C  
- DIAMETER = 5 FEET 
ACT1 VI TY FACTOR = I20 
INTEGRATED  DESIGN  CL = 0 
- SERIES 64 A I R F O I L  
.8 .9 
.22 
.20 
. I8  
. I 6  
.I4 
. I 2  
. I O  
.08 
.06 
I .o 
RADIUS RATIO r/r 
Figure 4 Propeller A 
P 
13 
52 
48 
44 
40 
36 
32 
za 
24 
20 
0 . I  
Dl AMETER = 5 FEET - 
ACTIVITY FACTOR = 88 
INTEGRATED DESIGN CL = .503 
SERIES 1 6  a 64 AIRFOILS - 
.28 
.24 
.20 
. I 6  
. I 2  
. oa 
.04 
3 
RADIUS RATIO r/'r 
F i g u r e  5 P r o p e l l e r  B 
P 
14 
. 
W 
RAD1 US RATIO r& 
F i g u r e  6 P r o p e l  l e r  C 
P 
15 
\ 
13 
n 
0 - 
k 
rT 
LT 
0 
I 
0 
W 
13 
-I 
n 
a 
m 
Ln 
W 
W 
LT 
c3 
W 
n . 
W 
-I 
c3 
z a 
n a 
r n  
W 
-I 
.09 
.07 
.05 
0' 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0 
_. D l  AMETER = 5 FEET 
A C T I V I T Y  FACTOR = 100 
INTEGRATED  DESIGN CL = 0 
SERIES 63 A I R F O I L  
- 
0 . I  .2 . 3  .4 .5 .6 .7  .8 .9 1 .o 
RAD1 US R A T I O  r/r 
P 
Figure 7 Propeller D 
16 
.22 
.20 
. I 8  
. i o  E 
a 1 j 
1 
-I 
m 
.OB 
,06 
36 
32 
28 
24 
20 
16 
12 
8 
4 
0 
0 . I  
.~ . ." 
~ 
z 
1 \ 
." - 
- 
B LA E AN( 
" 
I 1 
- DIAMETER = 5 FEET 
A C T I V I T Y  FACTOR = 100 
INTEGRATED  DESIGN  CL = 0 
SERl ES 63 A I   R F O l  L 
- 
.2 . 3  .4 .5 
RADIUM  RATIO 
F igure 8 Prope 
t 
\ 
.24 
.22 
.20 
. 18 
. 16 
. I 4  
. I 2  
. IO 
.08 
.06 
> 
.6 .7 .8 .9 I .o 
r /lr 
P 
I l e r  E 
0 - 
I- < 
[r 
- 
I 
t- 
-I 
m 
17 
.02 .04 .06 .08 . IO . I 2  . I 4  
C 
P 
F igu re  9 CT Versus C, For Propel ler B 
FM 
.22 
.20 
. I 8  
. I6  
. I 4  
. I 2  
. IO 
.08 
.06 
.04 
. 
\/ 
< 
I 
.80 
.70 
.60 
.50 
). 
0 
FM 
0 
I 
.02 .04 .06 .08 . IO . I 2  .I4 
cp 
F igure  30 % Versus Cp f o r  P r o p e l  l e r  A 
. l e  
cT 
. IO 
.oa  
.06 
O* 
. 1 8  
. I 6  
. I 4  
. I 2  
cT . IO 
.08 
.06 
0 .06 .04 
. 
.08 
C 
P 
- t  V = 400 f p s  0 
Vt = 600 f p s  V 
Vt = 800 f p s  
~ 
V+ = 900 f p s  0 
For ProDel l e r  D F i g u r e  12 CT Versus C 
P 
20 
.70 
.60 
FM 
.50 
.40 
.30 
O *  
F i g u r e  13 CT Versus C f o r   P r o p e l   f e r  E 
P 
0 
21 
f p s  0 
fps v 
fps El 
FM 
FM 
f p s  0 - 
f p s  a 
f p s  0 - 
0 .02 .04 .06 .08 . IO . 12 . 14 . 16 . 18 
c 
P 
F i g u r e  15 FM versus C p  f o r  P r o p e l  l e r  D 
F i g u r e  16 FM versus C f o r  P r o p e l l e r  E P 
22 
4 
3 
CT 
2 
I 
< 
0 
0 .02 .04 .06 .08 .IO . I 2  . I 4  . I6  v 
cP 
Figure 17 CT/Cp Versus Cp For AI I Propellers 
0 
.05 
. I  
" - w  w -  
Qr 
P 
. I 5  
0 .2 . 4  
- r = r/r 
.6 
P 
.8 1 .o 
.2 
F i g u r e  18 Axial V e l o c i t y   D i s t r i b u t i o n  
24 
r =  r/r 
P 
.02 
.04 
.06 
"- v 
V - R r  
P 
. oa 
0 .2 .4 .6 .a I .o 
- 
= + . I  w 
4' 
. IO 
F igu re  19 T a n g e n t i a l   V e l o c i t y   D i s t r i b u t i o n s  
NASA-Langley, 1969 - 1 CR-1501 25 
